Methyl acetate (CH 3 COOCH 3 ) has been recently observed by IRAM 30 m radio telescope in Orion though the presence of its deuterated isotopomers is yet to be confirmed. We therefore study the properties of various forms of methyl acetate, namely, CH 3 COOCH 3 , CH 2 DCOOCH 3 and CH 3 COOCH 2 D. Our simulation reveals that these species could be produced efficiently both in gas as well as in ice phases. Production of methyl acetate could follow radical-radical reaction between acetyl (CH 3 CO) and methoxy (CH 3 O) radicals. To predict abundances of CH 3 COOCH 3 along with its two singly deuterated isotopomers and its two isomers (ethyl formate and hydroxyacetone), we prepare a gasgrain chemical network to study chemical evolution of these molecules. Since gas phase rate coefficients for methyl acetate and its related species were unknown, either we consider similar rate coefficients for similar types of reactions (by following existing data bases) or we carry out quantum chemical calculations to estimate the unknown rate coefficients. For the surface reactions, we use adsorption energies of reactants from some earlier studies. Moreover, we perform quantum chemical calculations to obtain spectral properties of methyl acetate in infrared and sub-millimeter regions. We prepare two catalog files for the rotational transitions of CH 2 DCOOCH 3 and CH 3 COOCH 2 D in JPL format, which could be useful for their detection in regions of interstellar media where CH 3 COOCH 3 has already been observed.
INTRODUCTION
According to the Cologne Database for Molecular Spectroscopy (Muller et al. 2001; Müller et al. 2005) , about 180 molecules have been observed in the interstellar medium (ISM) or in circumstellar shells, among which several species are organic in nature. Several bio-molecules (amino acids) have been observed in the meteorites discovered on Earth which indicate that such complex bio-molecules must be produced in frigid and tenuous interstellar space. In fact it is long believed that basic biomolecules on earth could have been brought through numerous meteoritic bombardments in the early stage of earth's life (Oro 1961; Oro et al. 1979; Delsemme 1981) . The sea water which is also produced by such bombardments (see, Sarafian et al. 2014 and references therein) should also carry complex pre-biotic species which in presence of tidal forces of the sun and the moon could have helped formation of even more complex molecules on sea surface .
Quantitative computation of the abundances of complex pre-biotic molecules in collapsing clouds and star forming regions have started only recently (chakrabarti & Chakrabarti 2000a; Chakrabarti & Chakrabarti 2000b; . It is suggested that even if the abundance of adenine is small enough for detection with present day technology, its immediate precursors should be observed in interstellar space (Majumdar et al. 2013) . Depending
Electronic address: 1 ankan.das@gmail.com on physical conditions, these precursor molecules could be formed by various gas-grain interaction processes. Several works have been done in the past to model chemistry inside both the diffuse and dense molecular clouds (Van Dishoeck & Black 1986; Federman et al. 1995; Federman et al. 1996; Le Petit et al. 2004) . A large number of models have been developed over the last few years (Hasegawa et al. 1992; Das et al. 2013a; Das et al. 2013b; Das et al. 2015; Majumdar et al. 2014a; Majumdar et al. 2014b; Das et al. 2010; Das & Chakrabarti 2011; Chakrabarti et al. 2006a; Chakrabarti et al. 2006b; Sahu et al. 2015) to explain chemical composition of interstellar gas and grains under various physical circumstances.
Methyl acetate is a flammable substance and because of the low toxicity and fast evaporation rate, it is occasionally used as a solvent (Siporska & Szydlowski 2008) . It is the simplest easter and thought to be a potential prebiotic candidate which could be synthesized in the ISM easily (Senent et al. 2013) . First identification of methyl acetate in the ISM was reported very recently (Tercero et al. 2013 ) using IRAM 30 m radio telescope towards Orion constellation. They reported the discovery of methyl acetate through the detection of large number of rotational lines from each one of the spin states of methyl acetate.
Recently, Sivaraman et al. (2013 Sivaraman et al. ( , 2015 carried out experiments to find out the spectral behaviour of methyl acetate and methyl propionate in Vacuum Ultraviolet (VUV) and Infrared (IR) at various astrophysically rel-evant temperatures (from 10 K to sublimation of ice) in ultrahigh vacuum chamber. In between 110 K to 120 K, they found an irreversible phase change (from amorphous to crystalline form of methyl acetate ice). Moreover, Sivaraman et al. (2014) carried out electron irradiation experiment on methyl acetate at 85 K to find out its dissociated products. According to their study, CO 2 , CO were found to be the major products along with their by-products, such as, ethane (C 2 H 6 ) and dimethyl ether (CH 3 OCH 3 ). In addition, they found some CH 3 OH as a by-product, which indicates the possibility of conversion from acetate to alcohol. Garrod et al. (2008) showed formation of methyl acetate in icy mantles using the gas grain warm-up chemical model. However, to our knowledge, no work has been reported till date to model deuterated forms of methyl acetate around the ISM. Here, in this paper, we are proposing to observe singly deuterated methyl acetate around the sources, where methyl acetate already been observed.
Methyl acetate is an isomer of C 3 H 6 O 2 . It is considered to be the most abundant non-cyclic isomer of C 3 H 6 O 2 . Among other isomers of C 3 H 6 O 2 , hydroxyacetone (CH 3 COCH 2 OH) and ethyl formate (C 2 H 5 OCHO) are recently been observed in the ISM. Propionic acid (CH 3 CH 2 COOH) is also an isomer of C 3 H 6 O 2 and it is a plausible species in regions where acetic acid is found (Blagojevic et al. 2003) . Methoxyacetaldehyde (CH 3 OCH 2 CHO) is another isomer which could also be observed in the ISM. Tercero et al. (2013) predicted an upper limit on column densities of propionic acid and methoxyacetaldehyde to be 1.6 × 10 14 cm −2 and 2 × 10 14 cm −2 respectively. A combined laboratory and astronomical investigation on the hydroxyacetone was conducted by Apponi et al. (2006) . They derived an upper limit of 5 × 10 12 cm −2 to the column density of hydroxyacetone in Sgr B2(N) but they pointed out that it still requires further spectroscopic investigations before a decisive confirmation. Belloche et al. (2009) detected ethyl formate towards Sgr B2(N). They estimated column density of ethyl formate to be 5.4 × 10 16 cm −2 . Later, Tercero et al. (2013) detected both the conformers (gauche and trans) of ethyl formate in Orion. So among various isomers of C 3 H 6 O 2 , further laboratory and spectral survey are required for the confirmed detection of propionic acid and methoxyacetaldehyde. Ethyl formate and hydroxyacetone, detections of both being confirmed in the ISM and are included in the JPL catalog (http://spec.jpl.nasa.gov/ftp/pub/catalog/catdir.html).
Plan of this paper is as follows. In Section 2, chemical modeling and results are discussed. In Section 3, spectroscopical modeling are discussed and finally, in Section 4, we draw our conclusion.
CHEMICAL MODELING
We use our updated large gas-grain chemical network for the purpose of chemical modeling. We assume that gas and grains are coupled through accretion and thermal/non-thermal/cosmic ray evaporation processes. Details of these processes are already presented in Das et al. (2011 Das et al. ( , 2013a .
Gas phase reaction network
Here, we consider a large gas-grain chemical network to study the chemical evolution of methyl acetate along with its two singly deuterated isotopomers. We consider 6277 gas phase reactions between 628 gas phase species. This gas phase chemical network principally adopted from UMIST 2006 (Woodall et al. 2007 ) database. Since this database does not consider the ortho and para spin modifications of various H bearing species and also our quantum chemical results are nuclear spin independent, we are not considering any nuclear spin states in our model. Some deuterated reactions are included by following Roberts & Millar (2000) ; Albertsson et al. (2013) ; . Moreover, we include some reactions which would eventually leads to form two singly deuterated isotopomers and some isomers of methyl acetate. This additional reactions are considered by following some earlier studies and some educated guesses. Gas phase reaction network for the formation/destruction of methyl acetate along with its deuterated isotopomers are given in Table 1 . Rate coefficients for all the reactions are shown in Table 1 . Here, we either use existing empirical relations for the gas phase rate coefficients or assume same rate coefficients for the reactions of comparable varieties. Rate coefficients of some reactions are calculated indigenously from our quantum chemical calculations. It is obvious that due to the zero point correction energy rate coefficients between the hydrogenated and deuterated species differ. But due to unavailability of suitable network, we assume the same reaction rates as some of the hydrogenated reactions.
Gas phase methyl acetate mainly forms in the ISM by the reaction (reaction number R1) between methoxy radical (CH 3 O) and acetyl radical (CH 3 CO). Electronic structure calculations are carried out by using GAUS-SIAN 09W program (Foresman & Frisch 1996) to compute the rate coefficient of this reaction. DFT calculations are capable of reproducing experimental information with high reliableness (Glaser et al. 2007 ). Here computations are performed by using Becke threeparameter Exchange and Lee, Yang and Parr correlation (B3LYP) functional (Becke 1993) with the 6-311++G(d,p) basis set available in the Gaussian 09W program. It is noticed that the difference between the sum of electronic and thermal enthalpies of products and reactants of reaction R1 is −349.657 kJ/mol. Other radical-radical reactions (reaction number R2 − R4) of methyl acetate network are also highly exothermic in nature, having, ∆H = −318.925, −318.917 and −291.832 kJ/mol respectively. Thus, ∆H < 0 for these reactions, which indicates that these reactions are highly exothermic in nature . Now for the highly exothermic reactions, it is expected to have no barriers even around the low temperatures (Smith 2006; Smith 2011 ) and it does not follow temperature dependent Arrhenius expression. There are a number of statistical treatments available for the calculation of rate coefficients of these types of reactions (Herbst 1987; Bates 1983; Wakelam et al. 2010; George et al. 2005; Bettens et al. 1995; Bass 1981) . Here, we use the following semi empirical relationship developed by Bates (1983) , which had been used in some earlier studies (Gupta et al. 2011; Majumdar et al. 2012) :
(1) where, E 0 is the magnitude of association energy in eV , A r (A r = 100 unless better informations are available) is the transition probability (in s −1 ) of stabilizing the transition and N is the number of nuclei in the complex (N = 11 for reaction no. R1 − R4). The upper limit set by following equation is adopted only when the calculated value from eqn. 1 exceeds the limit set by the following equation:
where, α p is the polarizability (we use isotropic polarizability of the largest radical having an evenly distributed charge) inÅ 3 and µ is the reduced mass of the reactants on 12 C amu scale as suggested by Bates (1983) . In case of reaction no. (R1-R4), CH 3 CO is the largest radical having α = 3.917Å
3 (Lide 2001 Methyl acetate could be destroyed by various types of reactions (mainly by ion-molecular reactions, and interaction with cosmic rays or with interstellar photons). Since gas-phase chemistry of cold regions are mainly dominated by exothermic ion-molecular reactions, ionmolecular pathways could serve as the dominant destruction pathways for any gas phase neutral molecules. We consider some ion molecular reactions (given in Table 1) for the destruction of CH 3 COOCH 3 (only some dominant ions are considered). All the reactions along with their rate coefficients are shown in Table 1 . Rate constants for ion-molecular reactions can be predicted by using capture theories (Herbst 2006) . But CH 3 COOCH 3 is a polar neutral species with a dipole moment 1.72 Debye. Due to the interaction between the charge and rotating permanent dipole moment, a complex situation might arise in this case. Thus, here, we use the relation developed by Su & Chesnavich (1982) to predict the rate coefficients (k cap ). Woon & Herbst (2009) wrote SuChesnavich formula in two different ways by using a parameter x = µ D / (2α p T ), where k is Boltzman constant & T is the temperature. From the quantum chemical calculation, we are having polarizability of methyl acetate is 6.93Å. For the other isomers and deuterated forms of methyl acetate, we are considering similar α p for our calculations.
The ion-dipole (k cap ) rates can be in following form;
and
When x ≥ 2, Eqn. 2 is used and when x < 2, Eqn. 3 is used. It clear that at x = 0, above relations reduce to the Langevin expression. In terms of temperature, above expression could be written alternatively into the following form. For example, when x ≥ 2,
where,
For the cosmic ray induced photo-reactions, we use following rate coefficient as used in Woodall et al. (2007) ,
where, α is the cosmic ray ionization rate, γ is the probability per cosmic ray ionization that the appropriate photo reaction takes place and ω is the dust-grain albedo in the far-ultraviolet. We use α = 1.30 × 10 −17 and ω = 0.6 by following all other cosmic ray induced photo reactions. γ is highly sensitive to the reactants. Since no guess for this parameter was available, we choose this parameter by following cosmic ray induced photo reactions of similar types of species. For the cosmic ray induced photo reactions of HCOOCH 3 , γ = 1000 was used in Woodall et al. (2007) . We use a similar choice for γ parameter while calculating the cosmic ray induced rate coefficients for CH 3 COOCH 3 and its related species.
For the interstellar photo reactions the rate is derived by using the following relation used in Woodall et al. (2007) ,
where, α is the rate in the unshielded interstellar ultraviolet radiation field and γ is used to control the increased extinction of dust at the ultraviolet wavelength. Here, we use α = 1.0 × 10 −9 and γ = 1.0. All the reaction types mentioned above are given in Table 1 for T = 10 K and A V = 10.
Surface reaction network
Chemical enrichment of interstellar grain mantle solely depends on the binding energies of surface species (Das & Chakrabarti, 2011) . Mobility of lighter species such as H, D, N and O mainly dictates chemical composition of interstellar grain mantle. Composition of grain mantle which depends on mobility of H and O atoms are already discussed in Das et al. (2008a) ; Das et al. (2010) and Das & Chakrabarti (2011) . We assume that the gas phase species are physisorbed onto dust grains (∼ 0.1 µm) having a grain number density of 1.33 × 10 −12 n H , where n H is the concentration of H nuclei in all forms. Due to the unavailability of the binding energies of deuterated species, we assume that it is the same as their hydrogenated counterparts. Binding energies of all surface species are mainly adopted from Hasegawa & Herbst (1993) ; Allen & Robindon (1977) . For some species, we use binding energies from the latest modeling by Garrod et al. (2008) (use ED CH3 = 588 K, ED HCO/DCO = 800 K, ED CH3O/CH2DO = 1250 K, ED CH2OH/CH2OD = 2254 K from Garrod et al. 2008) . Since the binding energy of CH 3 CO was unavailable. By following the binding energy of CH 2 CO in Allen & Robinson (1977) , we consider the binding energy of CH 3 CO to be 2520 K.
To construct the surface reaction network, we primarily follow Hasegawa et al. (1992) ; Cuppen & Herbst (2007) and Das et al. (2010 Das et al. ( , 2011 . For the deuterium fractionation reactions on a grain surface, we primarily follow Caselli (2002); Cazau et al. (2010) ; Garrod et al. (2008) and . Formation and destruction pathways of methyl acetate along with its singly deuterated isotopomers and its two isomers are given in Table 2 . We also include photo dissociations of surface species by following Garrod et al. (2008) . Photo dissociation of methyl acetate and its deuterated species are included by following Sivaraman et al. (2014) . Various evaporation processes are adopted, namely: (a) thermal evaporation, (b) cosmic ray induced evaporation and (c) non-thermal desorption. Due to the lower adsorption energies of the lighter species (H, D, O etc.), thermal evaporation is very efficient. Heavier surface species mostly remain on the grain surface after their formation or accretion from the gas phase. During the late stage of the evolution process, cosmic ray induced evaporation serves as an efficient means to transfer surface species into the gas phase. Another important evaporation mechanism is the non-thermal desorption process. Due to the energy release during some reactions, adsorbed species could be desorbed just after their formation. Garrod et al. (2007) estimated that a fraction 'f ' of the product species in qualifying reactions could desorb immediately and the rest (1 − f ) fraction remains as a surface bound product. Here, we apply this mechanism to all surface reactions which result in a single product. Fraction 'f' is calculated by f = aP (1+aP ) , where, a is the ratio between surface molecule bond frequency to frequency at which energy is lost to the grain surface. Here, we choose a = 0.05 for all our surface reactions. All these evaporation processes are discussed in detail in our earlier models (Majumdar et al. 2014a; Majumdar et al. 2014b; Das et al. 2015) .
TABLE 1 Reaction network of various forms of methyl acetate and its two isomers in gas phase

Reaction
Reaction Type Rate coefficients at T = 10K, AV = 10 
Ion-molecular 2.37 × 10 −08 cm 3 s −1 (2008) considered an isothermal (T = 10 K) collapsing cloud (collapsing from n H = 3 × 10 3 cm −3 to n H = 10 7 cm −3 ) for their astrochemical modeling. Here also, we consider similar collapsing cloud model and consider that this collapsing process would continue up to 10 6 years. In Fig. 1 , we show the time evolution of densities.
Survival of complex molecules in and around any molecular cloud is strongly related to the effect of interstellar radiation field and thus upon the visual extinction (A V ) parameter. Depending on the number density of the cloud, we vary visual extinction parameter by following the relation used in Lee at al. (1996) and Das & Chakrabarti (2011) . Relationship between the number density of hydrogen and visual extinction is given by,
where, n H0 is the cloud density at the cloud surface (= 3×10 3 cm −3 ), n Hmax is the maximum density (= 10 7 cm −3 ) and A V max (= 150) is the maximum visual extinction considered very deep inside the cloud. Variation of A V with respect to n H is shown in Fig. 1a .
In order to consider more realistic situation, following the consideration of Viti et al. (2004) ; Garrod & Herbst (2006) and Garrod et al. (2008) , here, we use two phase physical model to mimic the evolution of the interstellar condition. First phase is the collapsing phase what we just have discussed above and second phase is the warm up phase. Collapsing phase continues up to 10 6 year and in the warm up phase, it is assumed that the collapse has just stopped and temperature started to rise from 10 K and would reach 200 K. This warm up phase will continue up to another 10 6 years. This is the typical time scale for the low mass star formation (Viti et al. 2004 ). Fig. 1b shows the time evolution of temperatures during our simulation regime. So in brief, our simulation time scale continues for 2 × 10 6 years -the collapsing phase takes 10 6 years and the warm up phase takes up another 10 6 years.
2.4. Results of chemical modeling Here, we consider a molecular gas to begin with. For this, we need to choose initial constituents relevant to a dense cloud. Our adopted initial composition is shown in Table 3 . This condition is adopted by following and references therein. As in the case of hydrogen atom, it is assumed that initially all deuteriums are locked in the form of HD. Initial atomic D/H ratio is assumed to be 0.1.
Armed with our physical model (presented in Fig. 1) and chemical model as discussed in Section 2, we show time evolution of the abundances of CH 3 COOCH 3 , CH 2 DCOOCH 3 /CH 3 COOCH 2 D, C 2 H 5 COOCH 3 and CH 3 COCH 2 OH in gas phase and ice phase in Fig. 2 . Solid curves in Fig. 2 are used to represent the gas phase species and dashed curves are used to represent the ice phase species. We are considering two phase model. During the collapsing phase, cloud collapses isothermally (T = 10 K). Due to low temperature in the collapsing phase, several species are formed on the ice phase. It is clear from Fig.  2 that methyl acetate and its related species are mainly formed on the ice phase during this collapsing period. In the gas phase, these molecules are produced sufficiently but due to the depletion of gas phase species, their net production is not high. At low temperatures, depleted species are unable to overcome the energy barriers on the grain surfaces and thus mostly remain trapped on the interstellar ices. Under this circumstances, cosmic ray induced desorption and non-thermal desorption mechanisms discussed in the Section 2.2 play a crucial role to transfer some surface species to the gas phase. During the warm up phase, temperature reaches around ∼ 100 K and almost all the surface species are transfered to the gas phase. As a result, we see a sudden rise in the gas phase abundance profile at the cost of sharp drop in the ice phase abundance profile. Beyond 100 K, production of surface species is not possible due to the short residence time of the surface species. Thus production would continue only in the gas phase. However, beyond 100 K, gas phase molecules are dissociated by various means. Due to the unavailability of reactants, production of gas phase species is also hampered.
The peak abundance of the gas phase species is obtained at a time when all the surface species are transfered to the gas phase. respectively. Column densities of these species could be calculated by using the following relation used by Shalabiea & Greenberg (1994) and Das et al. (2011 Das et al. ( ,2013a :
where, n H is the total hydrogen number density, x i is the abundance of i th species and R is the path length along the line of sight (= 1.6 × 10 21 A V )/n H ). For the simplicity, we use A V = A V max = 150 for the computation. In Table 4 , we show column density (peak value obtained in our simulation regime) of these species in gas/ice phase along with some observational results. From Table 4 , it is interesting to note that despite a low initial elemental abundance of deuterium (∼ 10 −5 , Linsky et al. 1995) in the interstellar space, singly deuterated isotopomers of methyl acetate are efficiently producing in the ISM.
SPECTROSCOPICAL MODELING AND STRUCTURAL
CALCULATIONS
Past studies reveal that quantum chemical calculations might serve as important diagnostics for the identification of various species in the ISM. For the computation of rotational transitions, rotational constants are essential. Huang & Lee (2008) showed that their calculated values often lead to the accuracy within 20 MHz for the B and C type constants. There are also several instances where calculated vibrational frequencies are accurate to within 5 cm −1 or even better (Huang & Lee 2008; Huang & Lee 2009; Inostroza et al. 2011; Fortenberry & Crawford 2011a; Fortenberry & Crawford 2011b; Fortenberry et al. 2012a; Fortenberry et al. 2012b) . Following this type of earlier works, we decided to carry out quantum chemical calculations to find out spectral properties of various forms of methyl acetate. All our spectroscopic calculations do not depend on nuclear spins. This is because ortho and para states of a species differ in the arrangement of the nuclear spins and only in cases of NMR shielding and spin-spin coupling calculation nuclear spin is used in Gaussian 09W program. Other than that, all other properties (energies, geometries, IR, UV-Vis, etc.) computed by Gaussian 09W program are nuclear spin independent Fig. 2 .-Chemical evolution of methyl acetate and some of its related species. Solid curves represents the gas phase species and dashed curves are used to represent the ice phase species.
(as nuclear spin does not appear in the Hamiltonian and thus will not change the optimization or frequencies). Thus, the values would be identical for different ortho and para states and they will be treated as degenerate states for most purposes.
Methyl acetate (CH 3 COOCH 3 ) is an asymmetric top with C 1 symmetry. Gaussian 09W program is used for the computation of various spectral parameters. B3LYP (Becke 1993; Lee et al.1988) functional along with the 6-311G++(d,p) basis set is used for the computation of structural parameters as well as ground state energies. Ground state energies of CH 3 COOCH 3 in gas and ice phases (pure water) are found to be −268.4748 a.u and −268.4743 a.u. respectively. These are identical for its deuterated species without zero-point energy corrections at 0 K. The zero point corrections are crucial for the chemistry of the deuterated species. Our computed zero point vibrational energies for reactants and products of reaction R1 along with their deuterated counterpart is shown in Table 5 . 
Vibrational spectroscopy
Here also, we use B3LYP functional with 6-311++G(d,p) basis set for the computation of the gas phase vibrational transitions of various forms of methyl acetate. For the ice phase vibrational transitions, Polarizable Continuum Model (PCM) with the integral equation formalism variant (IEFPCM) as a default Selfconsistent Reaction Field (SCRF) method are used.
In Table 6 , we present vibrational frequencies of CH 3 COOCH 3 and two of its isotopomers (CH 2 DCOOCH 3 and CH 3 COOCH 2 D).
For gas phase CH 3 COOCH 3 , the strongest peak appears at 1261.28 cm −1 . In case of ice phase, it is noted that this peak appears at 1256.02 cm −1 . Next strongest gas phase peak appears at 1796.16 cm −1 which is shifted in the ice phase. In case of of various isotopes of methyl acetate, we have different transitions. These differences are attributed to the changes of masses of isotopes. Each of CH 3 COOCH 3 , CH 2 DCOOCH 3 and CH 3 COOCH 2 D has a different spectrum. We find that the most intense mode of CH 2 DCOOCH 3 in the gas phase appears at 1795.20 cm −1 . This peak is shifted in the ice phase by nearly 50 cm −1 , i.e., at 1746.56 cm −1 . The second strongest peak in the gas phase which appears at 1238.04 cm −1 is also shifted in the ice phase and appears at 1233.76 cm −1 . In Fig. 3 , we show how the isotopic substitution (CH 2 DCOOCH 3 , CH 3 COOCH 2 D ) plays a part in vibrational transitions of CH 3 COOCH 3 in ice phase. Table 6 clearly shows the differences between spectroscopic parameters computed for interstellar methyl acetate in gas phase and in ice phase. Moreover, in Table 6 , we show band assignments and compare our results with the existing theoretical and experimental (Sivaraman et al. 2013; George et al. 1974 ) results (Senent et al. 2013) . Our results are in good agreement with experimental results on solid phase methyl acetate (Sivaraman et al. 2013) .
Any discrepancy could be attributed to two reasons. First, the experiment was performed at 15 K, while we calculate vibrational transitions by ab-initio method (i.e., at 0 K). Second, in our quantum chemical simulation, we consider a single methyl acetate inside a spherical cavity while in the experiment, deposited numbers of methyl acetate could form clusters. In order to determine column density (by using Lambert-Beer relationship used in Bennett et al., 2004) of methyl acetate, it is required to find out integrated numerous absorption features. To know the integrated absorption features, corresponding integral absorption coefficients ('A' values in units of cm molecule −1 ) have to be calculated. In Table 6 , we show our calculated integral absorption coefficients for those transitions, which were present in (Sivaraman et al. 2013) . These values could be used to predict the column densities of the experimental methyl acetate ice. (Runge & Gross 1984; Puletti et al. 2010; Pieve et al. 2014) . Accuracy of computed rotational frequencies depends on the choices of the models. Recently, Carles et al. (2013 Carles et al. ( , 2014 explained experimental rotational frequencies of 4-methylcyanoallene and ethyl cyanoacetylene with high-level quantum chemical calculations at the B3LYP/cc-pVTZ level of theory by using Gaussian 09W program. Their results are in excellent agreement with the experiment. By following their procedure, we similarly use Beckes three parameter hybrid functional (Becke 1988 ) employing the Lee, Yang, and Parr correlation functional (B3LYP; Lee et al., 1988) in DFT to calculate rotational constants and Watsons S-reduction quartic and sextic centrifugal distortion constants (Watson 1977) observing the precautions of McKean et al. (2008) . But there are also few other studies where CCSD level of theory have been used for the computation of rotational and distortional constants (Fortenberry et al. 2012a; Fortenberry et al. 2012b; Fortenberry et al. 2013) . Computation of the anharmonic frequencies require the use of analytic second derivative of energies at the displaced geometries. But the CCSD method in Gaussian 09W program only implements energies. Thus, analytical second derivative of energies are not available at this level of theory. In fact, there are no options in Gaussian 09W program to compute rotational and distortional constants at the CCSD level of theory. This prompted us to use B3LYP functional along with the Peterson and Dunnings correlation consistent (cc-pVTZ) basis set (Peterson & Dunning 2002; Carles et al. 2013 ) which are proven to yield satisfactory results (Carles et al. 2013; Carles et al. 2014; Das et al. 2015) and also takes less CPU time than other highly correlated methods. Many molecules have been detected in interstellar space with internal rotations (Nguyen et al. 2014) . Most of these detection were based on the intense laboratory and theoretical work followed by observations with the help of radio telescopes. One of the simplest example of such observation is detection of methanol in Orion A by Lovas et al., (1976) . So as like the methanol which includes one methyl top, internal rotation is also important for methyl acetate molecule having two methyl top . Nguyen et al., (2014) mentioned that the main problem of analyzing the rotational spectrum of methyl acetate is the internal rotation of two inequivalent methyl groups with one low (102.413(20) cm −1 ) and one intermediate barrier (424.580(56) cm −1 ). They predicted lines up to J = 30 using BELGI-Cs-2tops code and by considering ground state parameters from Tudoire et al., (2011) . However in the experiment of Tudoire et al., (2011) , laboratory measurements were limited to J = 19 which includes some uncertainty in the predicted lines of Nguyen et al., (2014) . In this paper, we have tried to extend the line list till J = 41 by computing many J, K dependent parameters as well as the sextic centrifugal distortion constants which was not derived in the experiment of Tudoire et al., (2011). Our computed parameters considers various symmetries that arise from the interaction of overall rotation and the internal rotations of two methyl tops as well as the interaction of the methyl tops with each other. We have followed the same technique to extend the line list for two isotopomers of CH 3 COOCH 3 .
Computed rotational and vibrational interaction parameters are shown in Table 7 . Using these rotational and distortional constants, we calculate various rotational transitions for CH 3 COOCH 2 D and CH 2 DCOOCH 3 in JPL format (Table 8 and Table 9 respectively) by using the 'SPCAT' program (Pickett et al. 1991) . These catalog files could be used for the detection of the singly deuterated isotopomers of methyl acetate in the ISM. Das et al. (2015) already discussed the importance of theoretical calculations prior to any astronomical survey. Our computed frequencies, abundances, column densities for various forms of methyl acetate could be used for radiative transfer modeling. These informations would be crucial for observing any species in the ISM (Coutens et al. 2014 and references therein). CASSIS software (an interactive spectrum analyzer, http://cassis.cesr.fr) would be appropriate for modeling observations from this type of molecules. Since ethyl formate and hydroxy acetone were already observed, they were already enlisted within CASSIS. Thus we carry out Local Thermodynamic Equilibrium (LTE) modeling for ethyl formate and hydroxy acetone by using CASSIS software. Fig.  4a and Fig. 4b shows emission spectra of ethyl formate and hydroxyacetone respectively. We model this spectrum by using CASSIS software in LTE (assuming the transitions are optically thin). For this modeling, we use source size = 3 " , excitation temperature (T ex ) = 100 K (typical hot core condition), line width (FWHM) = 7 km s −1 , V lsr = 64 km s −1 , column density of Ethyl formate = 5.4 × 10 16 cm −2 (column density of hydroxyacetone = 5.4 × 10 16 cm −2 ), column density of H 2 = 1.8 × 10 25 cm −2 . These parameters are used by following the best fit LTE model of ethyl formate from Belloche et al. (2009) . Similar type of modeling would be possible if one use our catalog files (Table 8 and Table  9 ) under CASSIS software. Because at present it is not possible to include our catalog files directly into CAS-SIS, in Fig. 5 , stick diagram for the rotational transitions of methyl acetate is shown by using ASCP program (Kisiel et al. 1998; Kisiel et al. 2000) . Here, we use the catalog file generated by the SPCAT program as an input of ASCP program. Since the partition function in SPACT program is calculated at T = 300 K, Fig. 5 represents the stick diagram at T = 300 K.
CONCLUSIONS
Followings are the major results of this paper:
• A complete reaction network is presented to include the formation and destruction of methyl acetate along with its two singly deuterated isoropomers and two isomers of methyl acetate (ethyl formate and hydroxyacetone). Rate coefficients are also calculated indigenously in the absence of any available educated estimations.
• In order to mimic realistic interstellar features, we use two phase model for the physical properties of the cloud. In the first phase, the cloud is collapsing and in the second phase, the cloud is warming up. We couple our chemical model with this dynamic physical condition and found that methyl acetate along with its two singly deuterated isotopomers could be efficiently formed in gas/ice phase.
• Vibrational and rotational transitions of the various forms of methyl acetate are explored. Our vibrational transitions are compared with the existing experimental/theoretical results and it is found that our results are in good agreement with the experimental results. Based on our calculations of the rotational and distortional constants, we prepare two catalog files for the singly deuterated methyl acetates, which could be useful for its future detection around the region, where methyl acetate has already been observed. 
